Many properties of fast synaptic transmission in the brain are influenced by transmembrane AMPAR regulatory proteins (TARPs) that modulate the pharmacology and gating of AMPA-type glutamate receptors (AMPARs). Although much is known about TARP influence on AMPAR pharmacology and kinetics through their modulation of the extracellular ligand-binding domain (LBD), less is known about their regulation of the ion channel region. TARP-induced modifications in AMPAR channel behavior include increased single-channel conductance and weakened block of calcium-permeable AMPARs (CP-AMPARs) by endogenous intracellular polyamines. To investigate how TARPs modify ion flux and channel block, we examined the action of ␥-2 (stargazin) on GluA1 and GluA4 CP-AMPARs. First, we compared the permeation of organic cations of different sizes. We found that ␥-2 increased the permeability of several cations but not the estimated AMPAR pore size, suggesting that TARP-induced relief of polyamine block does not reflect altered pore diameter. Second, to determine whether residues in the TARP intracellular C-tail regulate polyamine block and channel conductance, we examined various ␥-2 C-tail mutants. We identified the membrane proximal region of the C terminus as crucial for full TARP-attenuation of polyamine block, whereas complete deletion of the C-tail markedly enhanced the TARP-induced increase in channel conductance; thus, the TARP C-tail influences ion permeation. Third, we identified a site in the pore-lining region of the AMPAR, close to its Q/R site, that is crucial in determining the TARP-induced changes in single-channel conductance. This conserved residue represents a site of TARP action, independent of the AMPAR LBD.
Introduction
Most fast excitatory synaptic transmission in the brain is mediated by AMPA-type glutamate receptors (AMPARs). Differences in AMPAR subunit composition contribute greatly to the diversity of glutamatergic synaptic signaling (Traynelis et al., 2010) . AMPARs that lack the GluA2 subunit are characterized by permeability to calcium ions (Geiger et al., 1995) , and regulation of this important class of receptors is thought to underlie a variety of physiological and pathological changes at central synapses (CullCandy et al., 2006; Isaac et al., 2007) .
Functionally, calcium-permeable AMPARs (CP-AMPARs) are readily distinguished from calcium-impermeable subtypes, in that they display a high single-channel conductance (Swanson et al., 1997) and strong inward rectification conferred by endogenous intracellular spermine (Cull-Candy et al., 2006; Bats et al., 2012; but see Bowie, 2012) . The calcium permeability of AMPARs depends critically on the presence of a neutral glutamine residue at the Q/R site in the inner vestibule of the channel at the selectivity filter. Of the AMPAR subunits, only GluA2 is edited at this site, with the glutamine being replaced by a positively charged arginine (Seeburg and Hartner, 2003) . This renders GluA2-containing AMPARs impermeable to calcium ions and insensitive to block by intracellular polyamines.
AMPAR properties are also critically dependent on the presence of auxiliary transmembrane proteins (Coombs and Cull-Candy, 2009; Jackson and Nicoll, 2011) . Of these, transmembrane AMPAR regulatory proteins (TARPs) are probably the best characterized. The prototypical TARP, stargazin (␥-2) is known to slow channel deactivation and desensitization (Nicoll et al., 2006) and to greatly increase single-channel conductance (Tomita et al., 2005; Soto et al., 2007) . Furthermore, its presence markedly attenuates the block of CP-AMPARs by intracellular polyamines while enhancing their sensitivity to extracellular philanthotoxin-433 (Jackson et al., 2011) and increasing their permeability to calcium ions (Kott et al., 2009; Coombs et al., 2012) . Despite the critical importance of these various features in shaping synaptic transmission, it remains unclear how TARP interaction regulates CP-AMPAR channel properties.
The reduction in polyamine block of CP-AMPARs conferred by TARPs could reflect a modification in pore size or structure, resulting in a decrease in binding site affinity for spermine or a reduced access to a binding site (Milstein and Nicoll, 2008; Bowie, 2012) . Alternatively, associated TARPs could alter the local charge environment, thereby influencing ion flux or polyamine block. Positively charged residues located immediately proximal to the transmembrane domain of auxiliary kainate receptor (KAR) subunits Neto1 and Neto2 attenuate polyamine block and inward rectification of CP-KARs (Fisher and Mott, 2012) . A corresponding region in the intracellular C-tail of TARPs is also rich in positive residues (Chu et al., 2001) , raising the possibility that the TARP C-tail plays a role in attenuating polyamine block. Furthermore, the AMPAR subunits themselves have a conserved negative charge at the ϩ4 position (relative to the Q/R site), the replacement of which has been shown to greatly decrease polyamine block of CP-AMPARs (Panchenko et al., 1999) , suggesting that residues close to the selectivity filter may be involved in polyamine binding.
We investigated the relation between TARPs, ion flux, and polyamine block of CP-AMPARs. Our experiments indicate that TARPs increase the permeability of large organic cations but not the pore size of CP-AMPARs. Furthermore, we find that the C-tail of the TARP directly affects channel conductance and polyamine block and that a conserved negative residue in the pore (Q/R ϩ4) plays a critical role in the TARP modulation of channel conductance.
Materials and Methods
Heterologous expression. We expressed recombinant AMPAR subunits and TARPs in tsA201 cells. AMPAR subunit cDNAs were a gift from S. Heinemann (Salk Institute, La Jolla, CA) and P. Seeburg (Max Planck Institute, Heidelberg, Germany), and ␥-2, ␥-3, and ␥-5 were gifts from R. Nicoll (University of California, San Francisco, San Francisco, CA). All cDNAs were rat. Cell lines were maintained under standard protocols as described previously (Soto et al., 2007) . Transient transfection was performed with either Lipofectamine 2000 (Invitrogen) or Gene Juice (Merck Millipore), according to the directions of the manufacturers. In all transfections, the total amount of DNA was 0.8 g. Cells were split 12-24 h after transfection and plated on glass coverslips in the presence of 50 M NBQX (Tocris-Abcam) to avoid AMPAR-mediated toxicity. Electrophysiological recordings were performed 24 -48 h later.
AMPAR subunit and ␥-2 molecular biology. Based on the predicted transmembrane domains of ␥-2 (Chu et al., 2001), the C-terminal domain of ␥-2 was analyzed. Three positively charged residues close to the fourth post-transmembrane domain were identified. The C-terminal domain of ␥-2 begins at amino acid position D203 as follows: DRHKQL-RAT… The positively charged residues R204, H205, and K206 were mutated to the noncharged residues serine (R204S) or asparagine (H205N, K206N) . The triple mutant (R204S ϩ H205N ϩ K206N) was also generated. To create the point mutations D586N and D586K at position ϩ4 from the Q/R site in the GluA1 AMPAR subunit, we performed site-directed mutagenesis using the same strategy. Additionally, the C-tail was deleted by introducing stop codons at position 206 or 229 (␥-2⌬C and ␥-2 (1-228) , respectively). For this, we used either the Quickchange II site-directed mutagenesis kit (catalog #200523; Agilent Technologies) or Phusion polymerase (Finnzymes). In general, changes were incorporated using overlapping mismatched primers except for GluA1(D586K), which was created using abutting phosphorylated primers and subsequent ligation (Rapid Ligation Kit; Roche), and ␥-2⌬C, for which we used the Quickchange method. The ␥-2/6 chimera was created by amplifying, digesting, and then ligating the ␥-2 N-terminal regions (including pIRES vector) and the ␥-6 C-tail. A point mutation incorporated by the cloning process was corrected to give the final sequence. GluA1-␥-2 tandems were created by incorporating a 9 aa linker (GluA1-GGGGGEFAT-␥-2). The primers used are shown in Table 1 .
Electrophysiology: general procedures. Cells were visualized with a fixedstage upright or an inverted microscope (BX51 WI or IX50; Olympus). Electrodes were fabricated from borosilicate glass (1.5 mm outer diameter, 0.86 mm inner diameter; Harvard Apparatus) pulled with a PC-10 vertical puller (Narishige) and had a final resistance of 7-14 M⍀. Macroscopic currents were recorded at room temperature (22-25°C) from outside-out patches excised from GFP-positive cells. Currents were recorded with Axopatch 200A or 200B amplifiers, filtered at 10 kHz, and digitized at 50 kHz using Digidata 1200 or 1440A interfaces with pClamp 10 software (Molecular Devices).
Recording solutions. For rectification experiments and nonstationary fluctuation analysis (NSFA), the extracellular solution contained the following (in mM): 145 NaCl, 2.5 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES, pH 7.3 with NaOH. For fast agonist application, 10 mM glutamate was added to the extracellular solution. The intracellular solution contained the following (in mM): 145 CsCl, 2.5 NaCl, 1 Cs-EGTA, 4 MgATP, and 10 HEPES, pH 7.2 with CsOH. Spermine tetrahydrochloride (Tocris Bioscience or Sigma-Aldrich) was added to intracellular solution at 100 M. In experiments aimed to calculate the permeability for organic cations relative to Cs ϩ , the intracellular solution in all conditions contained the following (in mM): 140 CsCl, 5 Cs-EGTA, and 10 HEPES, pH 7.2 with CsOH. Spermine was not included because this enabled us to resolve the reversal potential more clearly. -methyl-D-glucamine (NMDG) . In these experiments, spermine was not added to the intracellular solution to reduce rectification and to allow a better determination of the reversal potential. Cyclothiazide (CTZ; Tocris-Abcam) at 5 M was added to limit desensitization of AMPARs.
Agonist application to excised patches. Rapid agonist application was achieved by switching between a continuously flowing control solution (extracellular solution diluted by 4%) and a glutamate-containing solution (extracellular solution plus 2.5 mg/ml sucrose and 10 mM glutamate). Solution switching was achieved by piezoelectric translation of a theta-barrel application tool made from borosilicate glass (2 mm outer diameter from Hilgenberg or 1.5 mm outer diameter from Sutter Instruments) mounted on a piezoelectric translator (P-265.00 or P-601.30; Physik Instrumente). One hundred or 200 ms jumps were applied to outside-out patches at different potentials (10 or 20 mV steps). At the end of each experiment, the adequacy of the solution exchange was tested by destroying the patch and measuring the liquid-junction current at the open pipette (10 -90% rise time typically 250 s). For pore size determination experiments, rapid pulses of glutamate (100 ms; 1 mM in the presence of 5 M CTZ) were applied to outside-out patches at different potentials (5 mV steps), and the glutamate-evoked peak currents were plotted at each voltage for each cation. In this way, we were be able to determine the reversal potential for the different cations.
Rectification index. The rectification index (RI) was defined as the absolute value of the average peak response at ϩ40 mV divided by that at Ϫ80 mV:
In this case, a linear current-voltage (I-V ) relationship would yield an RI of 0.5.
Kinetics of AMPAR-mediated responses.
For the determination of the kinetics of desensitization of the glutamate-activated currents, we performed fits to a double-exponential function to calculate the weighted time constant ( w,des ) according to the following:
where A f and f are the amplitude and time constant of the fast component of desensitization, and A s and s are the amplitude and time constant of the slow component of desensitization.
Conductance-voltage relationships. The relationship between the normalized conductance and voltage was fitted by the Boltzmann equation:
where G max is the conductance at a sufficiently hyperpolarized potential to produce full relief of polyamine block, V m is the membrane potential, V 1 ⁄2 is the potential at which 50% of block occurs, and k is a slope factor describing the voltage dependence of block.
Relative cation permeability. The permeability ratio for a given cation X ϩ relative to Cs ϩ (P X /P Cs ) was calculated using the Goldman-Hodgkin-Katz equation for a cation-selective channel: Estimation of the pore size. To estimate the diameter of the channel pore, we assumed that each cation X ϩ was a sphere of diameter d X and that the pore, at its narrowest point, was approximated by a cylinder of diameter d pore . According to the "excluded volume" theory (Dwyer et al., 1980; Cohen et al., 1992) , the permeability of an ion is proportional to the area of the narrowest region of the pore left unoccupied by the ion, and the relationship between relative permeability and ionic diameter is given by the following equation:
where
. We plotted the square root of the calculated permeability ratios for the ions (P X /P Cs ) against their estimated geometric mean diameters (d X ) to obtain the slope (b) and intercept (a) (McKinnon et al., 2011) . The diameter of the narrowest region of the pore is given by a/b. The ionic diameters were estimated as geometric mean diameters calculated from the dimensions
3 ) of the smallest box able to contain a space-filling molecular model of each ion (Burnashev et al., 1996) , according to the following:
The calculated diameters are given in Table 2 . NSFA. To deduce channel properties from macroscopic responses, glutamate (10 mM) was applied to outside-out patches (100 ms duration, 1 Hz, V hold of Ϫ60 mV), and the ensemble variance of all successive pairs of current responses were calculated. The single-channel current (i) and the total number of channels in the patch ( N) were determined by plotting this ensemble variance against mean current (I ) and fitting with a parabolic function:
where 2 B is the background variance. Along with normal peak-to-peak variation in the currents attributable to stochastic channel gating, some patches presented a gradual reduction in peak amplitude. The mean response was calculated from the periods of the recordings showing stable responses that were identified using a Spearman's rank-order correlation test. The weighted-mean single-channel conductance was determined from the single-channel current and the holding potential corrected for the calculated liquid junction potential (ϩ4.9 mV; pClamp 10).
Analysis and statistics. Recordings were analyzed using IGOR Pro (Wavemetrics) with NeuroMatic (J. Rothman, University College London, London, UK). Summary data are presented in the text as the mean Ϯ SEM from n patches and in the figures as bar plots of the group mean, with error bars denoting the SEM. In the inset to Figure 1F , error bars denote 95% confidence intervals (CIs). Comparisons involving two Currents were recorded from outside-out patches from tsA201 cells expressing GluA1 alone or GluA1 ϩ ␥-2, as indicated. V rev refers to the 0 current potential for a given cation. The number of cells is indicated in parentheses. P X /P Cs was determined according to Equation 4 (see Materials and Methods). Each p value is from an unpaired Welch t test, comparing P X /P Cs values of GluA1 and GluA1 ϩ ␥-2. Ion sizes are geometric mean diameters corresponding to the dimensions of the smallest box that contains the ion as measured with Corey-Pauling-Koltum models, as described previously (Villarroel et al., 1995; Burnashev et al., 1996) . datasets only were performed using a two-sided Welch two-sample t test. All analyses involving data from three or more groups were performed using one-or two-way ANOVA (Welch heteroscedastic F test), followed by pairwise comparisons using two-sided Welch two-sample t tests (with Holm's sequential Bonferroni correction for multiple comparisons). Differences were considered significant at p Ͻ 0.05. Statistical tests were performed using R (version 3.0.2; The R Foundation for Statistical Computing, http://www.r-project.org/) and RStudio (version 0.98.507; RStudio).
Results

␥-2 increases permeability but not pore size of CP-AMPARs
To determine whether the pore size of CP-AMPARs was influenced by the presence of an associated TARP, we examined the relative permeability of cations of different sizes (Villarroel et al., 1995; Burnashev et al., 1996) . Specifically, we measured the reversal potential of glutamate-evoked currents in the presence of the organic cations MA ϩ , DMA ϩ , TMA ϩ , TEA ϩ , and NMDG ϩ and estimated their permeability relative to that of the reference cation (Cs ϩ ). We compared the reversal potentials of GluA1 receptors expressed with and without ␥-2.
Currents were recorded from GluA1 and GluA1 ϩ ␥-2 at potentials from Ϫ40 to ϩ40 mV in symmetrical solutions containing 140 mM CsCl (Fig. 1 A, B) . I-V relationships were constructed for the glutamate-evoked peak currents (Fig. 1C) . The GluA1 responses showed limited rectification caused by residual endogenous spermine. Figure 1D illustrates a representative ex- Figure 1 . Estimates of the diameter of the narrowest pore constriction of GluA1 and GluA1 ϩ ␥-2. A, Glutamate-evoked currents from homomeric GluA1 at different holding potentials between Ϫ40 and ϩ40 mV (⌬10 mV) ([CsCl] int and [CsCl] ext both at 140 mM). Individual currents were activated by 100 ms applications of 1 mM glutamate plus 5 M CTZ to an outside-out patch from a transfected tsA201 cell. Note that, even in the absence of added intracellular polyamines, some inward rectification remained. B, Glutamate-evoked currents recorded in the same conditions as in A in a patch from a cell expressing GluA1 ϩ ␥-2. C, I-V relationships constructed for the peak current responses shown in A and B. D, I-V relationships (Ϫ80 to Ϫ20 mV) for glutamate-evoked peak currents from cells expressing homomeric GluA1 and GluA1 ϩ ␥-2 in TEA ext /CsCl int conditions. E, Normalized permeability ratios of different organic cations relative to Cs ϩ for GluA1 and GluA1 ϩ ␥-2 channels. Mean values and SEM are shown; numbers in columns denote the number of patches. No differences between GluA1 and GluA1 ϩ ␥-2 were found with MA and DMA, but differences were seen with TMA, TEA, and NMDG. *p Ͻ 0.05, ***p Ͻ 0.001, unpaired two-tailed Welch t test. F, Relationship between the permeability of organic cations relative to Cs ϩ and their mean ionic diameter for GluA1 and GluA1 ϩ ␥-2. Symbols indicate mean values, and error bars denote ϮSEM. The continuous and dashed lines are weighted fits to Equation 5 (see Materials and Methods), which gave the estimated pore diameters (and 95% CIs) shown in the inset. periment with TEA (mean diameter, 0.66 nm; Villarroel et al., 1995) , in which there was a clear shift in the reversal potential with ␥-2. Using the shift in reversal potential, we then calculated the relative permeability for each cation X ϩ relative to Cs ϩ according to the Goldman-Hodgkin-Katz equation for cation-selective channels (see Materials and Methods). When analyzed individually, we found that, for cations of relatively small diameter (MA and DMA), there was no detectable difference in reversal in the presence of ␥-2 (Table 2) , indicating no effect on the relative permeability of the channel (Fig. 1E) . In contrast, the permeability of the larger cations TMA, TEA, and NMDG was increased when ␥-2 was included ( Fig. 1E ; Table 2 ).
We obtained an estimate of the pore size by plotting the square root of the relative permeability against the diameter for organic cations. This analysis revealed that, whereas certain ions showed an increased relative permeability with ␥-2, the estimated pore diameters for GluA1 alone and GluA1 ϩ ␥-2 were comparable. Thus, the pore diameters were 0.79 nm (95% CI ϭ 0.77-0.81) for GluA1 alone and 0.80 nm (95% CI ϭ 0.79 -0.81) for GluA1 ϩ ␥-2 (Fig. 1F ) . This analysis suggests that the GluA1 pore diameter is not affected by ␥-2. Thus, the marked reduction in polyamine block and the increase in channel conductance produced by ␥-2 (and other auxiliary subunits; Soto et al., 2007 ; see Discussion) are unlikely to result from a simple increase in pore size. This change in ion permeability without an accompanying increase in pore diameter is in keeping with previous studies of both AMPARs and NMDARs, showing that ion selectivity and ion transport rate can be altered dramatically without a change in apparent pore size, at least at the selectivity filter (Burnashev et al., 1996; Wollmuth and Sakmann, 1998) .
Do positive residues in the TARP C-tail mediate attenuation of polyamine block?
To determine whether the TARP C-tail influences ion flux, we first considered whether specific charged residues in the C-tail of ␥-2 regulate polyamine block. Three positively charged residues (RKK) in the intracellular C-tail of the KAR-associated auxiliary subunits Neto1 and Neto2 are known to contribute to the attenuation of polyamine block of CP-KARs (Fisher and Mott, 2012) . Therefore, we replaced similarly located positive charges in ␥-2 (RHK) with neutral residues. Specifically, we created the point Figure 2 . Mutations in the ␥-2 C-tail do not affect polyamine block or channel conductance. A, I-V relationships for peak glutamate-evoked (10 mM) responses recorded between Ϫ80 and ϩ80 mV in outside-out patches from cells expressing GluA1 ϩ wild-type ␥-2 (n ϭ 4) or GluA1 ϩ ␥-2(R204S) (n ϭ 4). Error bars denote SEM. B, Pooled data showing the RI (measured as the peak current at ϩ40 mV/peak current at Ϫ80 mV) for GluA1 ϩ ␥-2 and mutated versions of ␥-2. Mean values and SEM are shown; numbers in columns denote the number of patches. The RI differed across the six groups (one-way ANOVA, F (8,14.5) ϭ 6.74, p Ͻ 0.001). Differences between GluA1 alone and wild-type or mutant ␥-2 are indicated (*p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001; unpaired Welch two-sample t tests with Holm's sequential Bonferroni correction). All mutants p Ͼ 0.05 compared with wild-type ␥-2. C, Representative normalized G-V relationships for peak glutamate-evoked (10 mM) responses recorded between Ϫ110 and Ϫ10 mV in three outside-out patches from cells expressing GluA1, GluA1 ϩ wild-type ␥-2, or GluA1 ϩ ␥-2(204, -5, -6). Lines are fits to a Boltzmann equation (Eq. 3; see Materials and Methods). For the examples shown, V 1 ⁄2 was shifted from Ϫ73.4 mV for GluA1 to Ϫ35.7 mV for GluA1 ϩ wild-type ␥-2 and to Ϫ34.4 mV for GluA1 ϩ ␥-2(204, -5, -6). D, Pooled data showing V 1 ⁄2 values for GluA1 and GluA4 either alone or coexpressed with ␥-2 or ␥-2(204, -5, -6). Columns and error bars indicate mean values and SEM; numbers in columns denote the number of patches. Two-way ANOVA showed a significant main effect for the AMPAR (F (1,26) ϭ 9.17, p Ͻ 0.01), a significant main effect for TARP (F (2,26) ϭ 90.37, p Ͻ 0.001), and no significant interaction (F (2,26) ϭ 0.14, p ϭ 0.87). ***p Ͻ 0.001, differences between GluA1 alone and wild-type and mutant ␥-2 (unpaired Welch two-sample t tests with Holm's sequential Bonferroni correction). E, Currents elicited by rapid application of 10 mM glutamate (200 ms) to an outside-out patch from a tsA201 cell (Ϫ60 mV) transfected with GluA1 ϩ ␥-2. A single raw trace (gray) is shown overlaid with the mean response (black). The inset shows the current-variance plot for the same recording. The fitted parabola (see Materials and Methods) gave a weighted single-channel conductance of 33.2 pS. Dashed line denotes background variance, and error bars denote SEM. F, Same as in E but for a patch from a cell expressing GluA1 ϩ ␥-2(R204S); the fitted parabola gave a weighted mean single-channel conductance of 28.7 pS. G, Pooled weighted mean single-channel conductance data from NSFA of GluA1 ϩ wild-type and mutated versions of ␥-2. Mean values and SEM are shown; numbers in bars denote the number of patches. Weighted mean conductance differed significantly across the six groups (one-way ANOVA, F (8,26.7) ϭ 5.96, p Ͻ 0.001). Multiple pairwise comparisons (unpaired Welch two-sample t tests with Holm's sequential Bonferroni correction) revealed differences between GluA1 alone and GluA1 expressed with wild-type or mutant ␥-2 (*p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001). All mutants p Ͼ 0.05 compared with wild-type ␥-2. mutations R204S, H205N, and K206N, as well as a triple mutant (see Materials and Methods). We applied glutamate to outsideout patches from cells transfected with GluA1 ϩ ␥-2 or GluA1 ϩ mutants of ␥-2 ( Fig. 2A) and examined their effect on polyamine block by measuring the RI (RI ϩ40/Ϫ80 ; see Materials and Methods; Fig. 2B ) and fitting conductance-voltage ( G-V) relationships in the negative range (to determine V 1 ⁄2; see Materials and Methods; Fig. 2C,D) . None of the mutations altered the ␥-2-mediated reduction in polyamine block. This was also true for GluA4 (Fig. 2D) . We next examined the ␥-2-induced increase in the weighted mean single-channel conductance of GluA1, by performing NSFA (Fig. 2 E, F ) . None of the mutations altered the ␥-2-mediated increase in conductance (Fig. 2G) . Together, our results suggest that these positive residues in the C-tail are not critical for ␥-2 modulation of AMPAR channel properties.
Does the TARP C-tail play any role in the attenuation of polyamine block?
If positive residues in the ␥-2 C-tail are not required, does the C-tail play any role in AMPAR channel modulation? To test this, we first examined the effect of deleting the entire C-tail (␥-2⌬C). These experiments were performed using homomeric GluA4 CPAMPARs. We found that ␥-2⌬C produced less relief of polyamine block than ␥-2 (Fig. 3 A, B) . Thus, GluA4 ϩ ␥-2⌬C displayed greater rectification (RI ϩ40/Ϫ80 ; 0.036 Ϯ 0.006, n ϭ 12) than GluA4 ϩ ␥-2 (0.084 Ϯ 0.013, n ϭ 7), but less than GluA4 alone (0.007 Ϯ 0.003, n ϭ 10; Fig. 3C ). V 1 ⁄2 was shifted from Ϫ57.6 to Ϫ26.2 mV by coexpression of ␥-2 but was intermediate between these values with ␥-2⌬C (Ϫ40.8 mV). This suggests that the C-tail of ␥-2 does play a role in TARP modulation of AMPAR channel properties. Does the effect of the C-tail truncation reflect a reduced interaction of AMPAR and TARP? AMPAR desensitization is known to be slowed by TARPs (Milstein and Nicoll, 2008) , an effect mediated by their first extracellular loop (Tomita et al., 2005) . Of note, ␥-2 and ␥-2⌬C were equally effective in slowing desensitization, increasing w,des from 3.5 Ϯ 0.3 to 5.5 Ϯ 0.5 and 5.0 Ϯ 0.5 ms, respectively (n ϭ 8, 11, and 12; Fig. 3D ). This suggests that GluA4 homomers are coassembled with ␥-2 regardless of the presence or absence of the TARP C-tail.
Unexpectedly, we found that ␥-2⌬C was more effective than full-length ␥-2 at increasing the single-channel conductance of GluA4. The weighted mean channel conductance was 20.1 Ϯ 1.3 pS for GluA4 alone, 31.3 Ϯ 2.3 pS with ␥-2, and 39.1 Ϯ 2.5 pS with ␥-2⌬C (n ϭ 8, 10, and 12, respectively; Fig.  3E ). Thus, the presence of a C-tail appears to limit the increase in single-channel conductance normally produced by coassembly with ␥-2. C-tail deletion of ␥-2 modifies TARP effects on polyamine block and single-channel conductance. A, I-V relationships for glutamate-evoked peak responses (10 mM) between Ϫ80 and ϩ80 mV from outside-out patches expressing GluA4 homomers (n ϭ 10), GluA4 ϩ ␥-2 (n ϭ 7), and GluA4 ϩ ␥-2⌬C (n ϭ 12). B, Plot of normalized conductance against voltage (V m ) for GluA4 homomeric receptors alone or with ␥-2 or ␥-2⌬C. Data were obtained from records in A. Lines are fits (at negative voltages) to a Boltzmann equation (see Materials and Methods). V 1 ⁄2 is shifted from Ϫ57.6 mV for GluA4 to Ϫ26.2 mV for GluA4 ϩ ␥-2 and to Ϫ40.8 mV for GluA4 ϩ ␥-2⌬C. C, Pooled RI ϩ40/Ϫ80 values for GluA4 homomers alone or with ␥-2 or ␥-2⌬C. Mean values and SEM are shown; numbers in columns denote the number of patches. The RI differed across the three groups (one-way ANOVA, F (2,12.06) ϭ 23.5, p Ͻ 0.001). Multiple pairwise comparisons (unpaired Welch two-sample t tests with Holm's sequential Bonferroni correction) revealed significant differences between GluA1 alone and GluA1 expressed with wild-type or mutant ␥-2 (**p Ͻ 0.01) and a significant difference between ␥-2 and ␥-2⌬C ( ## p Ͻ 0.01). D, Pooled values of desensitization kinetics ( w,des ; details as for C). Desensitization differed across the three groups (F (2,18.22) ϭ 7.89, p Ͻ 0.01). Multiple pairwise comparisons revealed differences between wild-type and mutant ␥-2 compared with GluA1 alone (*p Ͻ 0.05, **p Ͻ 0.01) but no difference between ␥-2 and ␥-2⌬C. E, Pooled values of weighted mean single-channel conductance (details as for C). Channel conductance differed across the three groups (F (2,17.42) ϭ 26.52, p Ͻ 0.001). Multiple pairwise comparisons revealed differences between GluA1 alone and GluA1 expressed with wild-type or mutant ␥-2 (**p Ͻ 0.01, ***p Ͻ 0.001) and a difference between ␥-2 and ␥-2⌬C ( # p Ͻ 0.05).
The proximal TARP C-tail contributes to the relief of polyamine block
To identify the region of the C-tail important for its contribution to TARP action and to establish whether the effects were seen with other AMPARs, we examined additional ␥-2 truncation mutants using GluA1. With GluA1, ␥-2⌬C produced less relief of polyamine block than did wild-type ␥-2 (V 1 ⁄2 of Ϫ36.9 Ϯ 0.6 mV with ␥-2 and Ϫ41.7 Ϯ 0.9 mV with ␥-2⌬C, n ϭ 7 and 5, respectively; Fig. 4 A, B) , although this was less marked than was seen with GluA4. Importantly, these changes appeared not to result from a reduced TARP stoichiometry, because we obtained similar results with GluA1-␥-2 tandem constructs that constrained AMPAR subunit:TARP stoichiometry (see Materials and Methods). Specifically, as with separately expressed subunits, we found that the polyamine block of GluA1-␥-2 was less than that of GluA1-␥-2⌬C (V 1 ⁄2 of Ϫ35.7 Ϯ 1.9 and Ϫ40.6 Ϯ 1.1 mV, n ϭ 8 and 9, respectively; p Ͻ 0.05, Welch t test). To confirm that the reduced effect of ␥-2⌬C was not attributable to unexpected alterations in the gross structure of the TARP, we also examined the effect of a chimeric construct of ␥-2 with the C-tail of the non-TARP ␥-6 (␥-2/6; Fig. 4A ). ␥-2/6 behaved similarly to ␥-2⌬C and produced less relief of polyamine block than did full-length ␥-2 (V 1 ⁄2 of Ϫ43.4 Ϯ 1.3 mV, n ϭ 6; Fig. 4B ). This suggests that the reduced relief of AMPAR polyamine block by ␥-2⌬C is attributable to the absence of specific features within the C-tail. Finally, we coexpressed GluA1 with ␥-2 (1-228) , a truncated form of ␥-2 with a residual C-tail of similar length to ␥-6 (Fig. 4A) . ␥-2 (1-228) caused equivalent relief of polyamine block to full-length ␥-2 and had a greater effect than both ␥-2⌬C and ␥-2/6 (V 1 ⁄2 of Ϫ31.4 Ϯ 1.8 mV, n ϭ 5; Fig. 4B ). Together, these observations indicate that features within the membrane proximal region of the C-tail (specifically positions 207-228) are important mediators of this effect, albeit not its sole determinants.
TARP attenuation of polyamine block does not require GluA1 D586
Both calcium permeability and polyamine block of AMPARs depend critically on the neutral glutamine residue at the Q/R site. It has been shown that a neighboring conserved negatively charged aspartate residue (at the ϩ4 position) is also a key determinant of polyamine block (Panchenko et al., 1999) . Thus, replacing this with a neutral residue causes a marked reduction in rectification, although the channel remains calcium permeable (Dingledine et al., 1992; Panchenko et al., 1999) . Because the specific sites that mediate TARP effects on AMPAR channel properties are not known, we examined the possibility that ␥-2 might relieve polyamine block by altering the influence of the Q/R ϩ4 negative aspartate.
We first confirmed that the ϩ4 residue of GluA1 influenced polyamine block by replacing it with a neutral asparagine. As expected, with this GluA1(D586N) mutant, rectification was greatly decreased (Fig. 5) . Next, we hypothesized that, if TARPs normally relieve AMPAR rectification by attenuating the influence of this charged residue, we would observe no change in rectification when GluA1(D586N) subunits were coexpressed with ␥-2. This was not the case; rather, there was an additional attenuation of the polyamine block (Fig. 5) . Similar results were seen with ␥-3 and ␥-5 (data not shown). Thus, TARP attenuation of polyamine block does not require the presence of GluA1 D586.
GluA1 D586 is crucial for TARP enhancement of single-channel conductance
GluA1 homomers expressed in the absence of TARPs have a relatively low single-channel conductance of ϳ20 pS (Suzuki et al., 2008; Coombs et al., 2012; Fig. 6 ). Strikingly, the D586N mutant decreased the single-channel conductance of GluA1 to approximately one-third of the wild-type value (from 19.7 Ϯ 1.4 to 6.2 Ϯ 0.6 pA; n ϭ 11 and 10; Fig. 6 A, E) . Furthermore, the conductance of the mutant channel was no longer increased by coexpression with ␥-2 or ␥-3 (6.1 Ϯ 0.7 and 7.3 Ϯ 0.7 pS; n ϭ 8 and 14; Fig.  6 B, E) . This lack of effect on conductance did not reflect a failure of coassembly, because both ␥-2 and ␥-3 slowed desensitization of GluA1(D586N), increasing w,des from 3.8 Ϯ 0.3 to 6.7 Ϯ 0.4 and 7.0 Ϯ 0.7 ms, respectively (n ϭ 10, 8, and 14; Fig. 6F ) . Thus, the absence of a conserved negatively charged residue close to the Q/R site (D586N mutation in GluA1) not only decreased singlechannel conductance but also prevented the conductance increase normally seen with TARP coexpression.
Because neutralizing D586 resulted in a loss of the TARPmediated enhancement of GluA1 conductance, we reasoned that TARPs might increase channel conductance by promoting the influence of this negatively charged residue in the conduction pathway. If this were the case, then reversing the charge at this site ␥-2 is shown as white and ␥-6 as light gray. ␥-2 (1-228) has an equivalent length of C terminus as ␥-6. B, Pooled data showing the voltage of half polyamine block (V 1 ⁄2) as derived from Boltzmann fits of G-V relationships recorded from GluA1 coexpressed with the constructs shown in A. Mean values Ϯ SEM are illustrated. The numbers in the columns denote the number of patches. V 1 ⁄2 differed across the six groups (one-way ANOVA, F (5,8.72) ϭ 57.4, p Ͻ 0.001). **p Ͻ 0.01, ***p Ͻ 0.001, differences from GluA1 alone (unpaired Welch two-sample t tests with Holm's sequential Bonferroni correction). V 1 ⁄2 values with ␥-2⌬C, ␥-6, and ␥-2/6 were different from those with wild-type ␥-2 ( # p Ͻ 0.05). V 1 ⁄2 values were not different between ␥-2 (1-228) and wild-type ␥-2 or between ␥-2⌬C and ␥-2/6. might reverse the effect of TARPs on channel conductance. To test this, we examined the action of TARPs on another mutant, GluA1(D586K). As predicted, the introduction of a positively charged lysine at this site greatly decreased GluA1 conductance (to 4.3 Ϯ 0.3 pS; n ϭ 10; Fig. 6C,E) . Moreover, coexpression of TARP ␥-2 or ␥-3 with the mutant receptor further reduced its conductance (to 2.2 Ϯ 0.3 and 1.3 Ϯ 0.4 pS, respectively; n ϭ 6 and 4; Fig. 6 D, E) . Although the sign of TARP-induced conductance change was reversed with GluA1(D586K), both ␥-2 and ␥-3 produced the expected slowing of desensitization. Thus, w,des was increased from 2.6 Ϯ 0.2 to 4.1 Ϯ 0.5 and 6.4 Ϯ 1.0 ms, respectively (n ϭ 6, 6, and 5; Fig. 6F ) . Furthermore, the steadystate current was increased from 1.3 Ϯ 0.3 to 4.8 Ϯ 0.8 and 6.5 Ϯ 1.9%, suggesting a normal AMPAR-TARP functional interaction at the level of the ligand-binding domain (LBD). Together, these data reveal a novel site of TARP action that resides within the pore-lining region and is distinct from known TARP interactions with the LBD.
Discussion
Our experiments have provided three main findings. First, ␥-2 modifies the permeation properties, although not the minimum pore diameter, of CP-AMPARs. Second, a proximal region of the ␥-2 C-tail is involved in the TARP modulation of both channel conductance and polyamine block. Third, a negatively charged residue (D586), close to the Q/R site in the AMPAR pore lining, plays a crucial role in the TARP regulation of single-channel conductance. Below we consider the functional significance of these findings.
Influence of TARPs on channel permeability and pore size
We tested the idea that TARP domains might modify spermine block of CP-AMPARs by causing a change in the pore size (Milstein and Nicoll, 2008) . Our comparison of TARPed and TARPless CP-AMPARs revealed that large ions (TMA ϩ , TEA ϩ , and NMDG ϩ ) exhibit a TARP-induced increase in permeation. However, this did not translate into a measurable change in pore diameter.
The effect of TARPs on permeation and polyamine block may result from subtle changes in the pore architecture or in charge distribution in the region of the Q/R site that, together with neighboring residues, forms the selectivity filter and the narrowest constriction of the open pore (Kuner et al., 2001) . Thus, even a small change in the positions of glutamine side chains in this region may greatly affect channel properties and disrupt key interactions involved in polyamine binding. This principle is clearly demonstrated by the effects of substituting other amino acids at this site (Burnashev et al., 1992) , specifically the insertion of asparagine (N), which is found at the equivalent site (Q/R/N site) in NMDARs (Wollmuth and Sakmann, 1998) . The asparagine side chain is one alkyl unit or ϳ1.5 Å shorter than glutamine but is otherwise chemically equivalent. Despite this relatively minor alteration, NMDARs and N-substituted AMPARs are insensitive to block by intracellular polyamines while remaining calcium permeable. Therefore, it is possible that the 20-fold decrease in polyamine affinity produced by ␥-2 (Soto et al., 2007) reflects a minor change in position of the Q/R side chain.
Role of the C-tail of ␥-2 in AMPAR function
Our experiments indicate that the C-tail of ␥-2 plays a role in the relief of polyamine block of CP-AMPARs. We initially considered the possibility that three positively charged residues (Arg, His, and Lys) in the proximal region of the C-tail of ␥-2 may influence this block. The auxiliary KAR subunits Neto1 and Neto2, which reduce polyamine block of GluK2(Q) KARs, have been shown to possess three positive charges in this region (Arg, Lys, Lys; ϩ4 to 6 from the transmembrane domain) that are required for attenuation of polyamine block (Fisher and Mott, 2012) . However, we observed no change in TARP attenuation of polyamine block when the homologous Arg, His, and Lys residues were neutralized in ␥-2. Thus, there appears to be differences in how auxiliary subunits relieve polyamine block of CPAMPARs versus KARs.
Although ␥-2 was just as effective at attenuating polyamine block of GluA4 in the absence of three positively charged C-tail residues, it was markedly less effective after we deleted its entire C-terminal domain (␥-2⌬C). With this latter construct, polyamine block was intermediate between that of TARPed and TARPless CP-AMPARs, a feature that was mirrored by the ␥-2/6 chimera. The less truncated form of the TARP (␥-2 (1-228) ), which still lacked nearly 100 aa from its C-tail, behaved similarly to wild-type ␥-2. Thus, features within the first 25 residues of the C-tail (proximal to M4) appear critical in modulating AMPAR channel properties. This would suggest that, if changes at the Q/R site are responsible for the TARP-induced relief of polyamine block, then the full expression of this effect depends in some way Figure 5 . Neutralizing charge at the Q/R ϩ4 position of GluA1(D586N) reduces polyamine block of CP-AMPARs but does not affect TARP-induced attenuation of block. A, I-V relationships for glutamate-evoked peak responses (10 mM) between Ϫ80 and ϩ80 mV in outside-out patches from cells expressing GluA1 homomers (n ϭ 11) and GluA1 ϩ ␥-2 (n ϭ 9). Symbols indicate the mean and error bars (when visible) Ϯ SEM. B, As for A but with GluA1(D586N) homomers (n ϭ 7) and GluA1(D586N) ϩ ␥-2 (n ϭ 5). C, Pooled RI ϩ40/Ϫ80 values for GluA1 and GluA1(D586N) homomers alone and with ␥-2. Mean values and SEM are shown; numbers in bars denote the number of patches. Two-way ANOVA revealed a significant main effect of AMPAR mutation (F (1,28) ϭ 135.67, p Ͻ 0.001), a significant main effect of TARP (F (1,28) ϭ 32.68, p Ͻ 0.001), and a significant interaction between AMPAR and TARP (F (1,28) ϭ 8.88, p Ͻ 0.01). *p Ͻ 0.05, ***p Ͻ 0.001, results of pairwise comparisons (unpaired Welch two-sample t tests with Holm's sequential Bonferroni correction).
on the proximal part of the C-tail of ␥-2. The influence of this region could be transmitted through an effect on the tertiary structure of the TARP (intramolecular) or it could result from a direct interaction of the TARP C-tail with intracellular domains of the AMPAR (intermolecular). It should be noted that the reduction in attenuation of polyamine block by ␥-2⌬C was less pronounced for GluA1 than for GluA4. While the reason for this is unclear, it may reflect differences between the C-tails of GluA1 and GluA4.
We found that ␥-2 lacking its C-tail produced a greater increase in AMPAR mean channel conductance than did fulllength ␥-2. Single-channel studies have shown that AMPARs open to various distinct subconductance states (Wyllie et al., 1993; Swanson et al., 1997) thought to reflect the number of subunits individually activated (Rosenmund et al., 1998; Smith and Howe, 2000; Gebhardt and Cull-Candy, 2006) . Thus, an increased mean conductance could reflect an increase in the proportion of openings to the larger subconductance states-altered gating-or an increase in the conductance of all states (altered permeation; Tomita et al., 2005; Shelley et al., 2012; Zhang et al., 2014) . Our present data do not allow us to distinguish between these two possibilities. Interestingly, the former mechanism has been proposed to underlie the increase in AMPAR channel conductance caused by a different intracellular manipulation: phosphorylation of Ser831 in the C-tail of GluA1/GluA2 AMPARs, a functional change that is itself TARP dependent (Kristensen et al., 2011) . By analogy, loss of the ␥-2 C-tail could similarly enhance the ability of each subunit to activate, independent of changes in the efficacy of agonist-binding domain closure, thus increasing the likelihood that AMPAR subunits are simultaneously activated during gating. Clearly, it would be of interest to determine whether C-tail-lacking TARPs increase conductance of singlechannel openings. However, regardless of the origin of our observed conductance changes, they suggest that, in addition to previously identified extracellular TARP structures (Tomita et al., 2005) , intracellular components of the TARP molecule are important in regulating the ion channel.
GluA1
Asp586 is necessary for TARPs to enhance channel conductance ␥-2 relieved the polyamine block of wild-type and mutant (D586N) GluA1 to similar extents. Thus, it seems unlikely that any TARP influence on this residue is involved in attenuation of the block. However, Asp586 does appear critical in the TARPinduced increase in single-channel conductance. We found that the conductance of CP-AMPARs was greatly reduced when the negative aspartate (D) residue at the Q/R ϩ4 site was replaced by a neutral asparagine (N) or a positively charged lysine (K). Fur- Figure 6 . Mutations of GluA1 D586 alter both single-channel conductance and TARP modulation of conductance. A, Currents elicited by rapid application of 10 mM glutamate (200 ms) to an outside-out patch from a tsA201 cell (Ϫ60 mV) transfected with GluA1(D586N). A single raw trace (gray) is shown overlaid with the mean response (black). The inset shows the current-variance plot for the same recording. The fitted parabola (see Materials and Methods) gave a weighted single-channel conductance of 6.9 pS. Dashed line denotes background variance, and error bars denote SEM. B, Same as A but for a patch from a cell expressing GluA1(D586N) ϩ ␥-3, giving a weighted mean single-channel conductance of 7.6 pS. Note the slowed desensitization and increased steady-state current when compared with GluA1(D586N) alone. C, Same as in A but a 100 ms application to a patch from a cell expressing GluA1(D586K), giving a weighted mean single-channel conductance of 4.8 pS. D, Same as for C but for a patch from a cell expressing GluA1(D586K) ϩ ␥-3, giving a weighted mean single-channel conductance of 1.0 pS. Note the slowed desensitization and increased steady-state current compared with GluA1(D586K) alone. E, Pooled data showing the effect of mutations D586N and D586K on the conductance of GluA1 and on the actions of TARPs ␥-2 and ␥-3. Mean values and SEM are shown; numbers in columns denote the number of patches. Two-way ANOVA revealed a significant main effect of AMPAR mutation (F (2,62) ϭ 254.44, p Ͻ 0.001), a significant main effect of TARPs (F (2,62) ϭ 8.70, p Ͻ 0.001), and a significant interaction between AMPAR and TARP (F (4,62) ϭ 9.03, p Ͻ 0.001). Pairwise comparisons for each of the GluA1 forms (unpaired Welch two-sample t tests with Holm's sequential Bonferroni correction) showed that TARPs ␥-2 and ␥-3 increased the conductance of GluA1, had no effect on the conductance of GluA1(D586N), but decreased the conductance of GluA1(D586K) (*p Ͻ 0.05, **p Ͻ 0.01). The conductance of both GluA1(D586N) and GluA1(D586K) was less than that of wild-type GluA1 ( ### p Ͻ 0.001). F, Pooled data showing the effect of mutations D586N and D586K on the actions of TARPs ␥-2 and ␥-3 on desensitization kinetics (presentation and tests as in E). Two-way ANOVA revealed a significant main effect of AMPAR mutation (F (2,65) ϭ 13.59, p Ͻ 0.001), a significant main effect of TARPs (F (2,65) ϭ 43.52, p Ͻ 0.001), and no significant interaction between AMPAR and TARP (F (4,65) ϭ 9.03, p ϭ 0.38). Pairwise comparisons for each of the GluA1 forms showed that TARPs ␥-2 and ␥-3 increased w,des in all cases (*p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001).
thermore, the channel conductance of GluA1(D586N) was no longer increased by ␥-2. Most strikingly, when the negative aspartate was replaced with a positive lysine (D586K), the channel conductance was decreased by coassembly with a TARP. Thus, it seems that the conserved negative charge at the Q/R ϩ4 site (a glutamate residue in CP-KARs; Panchenko et al., 1999 ) is critical in determining both the conductance of AMPAR channels and the ability of TARPs to increase the conductance.
It is likely that the negatively charged Asp586 residue, situated on the inner vestibule of the AMPAR subunit, represents an important interaction point for positive ions in the conduction pathway, the removal of which decreases ion flux. Coexpression with a TARP could increase the effectiveness of D586 as a facilitator of ion transport, possibly by physically repositioning the charged side chain. Neutralizing or reversing the charge at this site has a striking effect on ion flux, decreasing the channel conductance and altering or reversing the effect of TARPs on channel conductance. Of note, we do not exclude the possibility that altered channel gating contributes to these changes; as with the effect of the TARP C-tail, detailed single-channel analysis could be informative. Interestingly, although we find a marked decrease in weighted mean channel conductance in receptors that lack this negatively charged residue, previous studies have shown that divalent permeability is not compromised (Dingledine et al., 1992; Panchenko et al., 1999) .
That the channel conductance of GluA1(D586N) became insensitive to TARP coexpression was unexpected given that the TARP-induced relief of polyamine block of these mutant channels remained approximately comparable with that seen with wild-type GluA1. This suggests that TARPs can mediate effects through multiple sites within the pore, via both the Q/R site (influencing polyamine block) and the Q/Rϩ4 site (influencing channel conductance). The crystal structure of GluA2 (Sobolevsky et al., 2009) suggests that gaps or grooves exist between the AMPAR transmembrane helices, potentially allowing residues from interacting TARPs to influence directly the AMPAR pore. Such intimate association could contribute to our observed alterations in AMPAR function, including the changes in permeation, ion channel conductance, and polyamine block.
